SUMMARY. The effects of renovascular hypertension on the biochemical, contractile, and electrical performance of myocardial tissue from rats of various ages has been examined. Male Fischer rats, 2, 7, 12, and 17 months old, were made hypertensive by constriction of the left renal artery. Ten weeks after the onset of hypertension, left ventricular papillary muscles were isolated from those four groups when 5, 10, 15, and 20 months old, respectively. Mechanical performance and transmembrane electrical events were recorded simultaneously. Contractile protein enzyme activity was determined in the same hearts from which papillary muscles were used for acquisition of mechanical and electrical information. There was a slight increase in blood pressure in control groups as a function of age while blood pressure maintained a range of approximately 179-188 mm Hg for all hypertensive groups. Heart weight of control animals increased significantly from 5 months to 20 months of age from 539 ± 26 to 1088 ± 56 mg, representing an increase of 101%. In hypertensive animals, heart weight increased 50% in 5-month-, 15% in 10-month-, 50% in 15-month-, and 11.7% in 20-month-old animals. Although control groups revealed alterations in mechanical, electrical, and biochemical parameters that increased as a function of age, the magnitude of the biochemical, contractile, and electrical response to hypertension varied monotonically with the extent of myocardial hypertrophy, rather than age per se. Adaptation to the stress of hypertension was observed in each age group, and was revealed as prolongation of mechanical and electrical timing parameters, depression of the load-velocity relation, and contractile protein enzyme activity. Thus, the stress of hypertension, which was tolerated by the 10-and 20-month-old animals with lesser relative hypertrophy and lesser changes in measured parameters, may represent a differential adaptation to the stress of hypertension. (Circ Res 58: 445-460, 1986) 
SUMMARY. The effects of renovascular hypertension on the biochemical, contractile, and electrical performance of myocardial tissue from rats of various ages has been examined. Male Fischer rats, 2, 7, 12, and 17 months old, were made hypertensive by constriction of the left renal artery. Ten weeks after the onset of hypertension, left ventricular papillary muscles were isolated from those four groups when 5, 10, 15, and 20 months old, respectively. Mechanical performance and transmembrane electrical events were recorded simultaneously. Contractile protein enzyme activity was determined in the same hearts from which papillary muscles were used for acquisition of mechanical and electrical information. There was a slight increase in blood pressure in control groups as a function of age while blood pressure maintained a range of approximately 179-188 mm Hg for all hypertensive groups. Heart weight of control animals increased significantly from 5 months to 20 months of age from 539 ± 26 to 1088 ± 56 mg, representing an increase of 101%. In hypertensive animals, heart weight increased 50% in 5-month-, 15% in 10-month-, 50% in 15-month-, and 11.7% in 20-month-old animals. Although control groups revealed alterations in mechanical, electrical, and biochemical parameters that increased as a function of age, the magnitude of the biochemical, contractile, and electrical response to hypertension varied monotonically with the extent of myocardial hypertrophy, rather than age per se. Adaptation to the stress of hypertension was observed in each age group, and was revealed as prolongation of mechanical and electrical timing parameters, depression of the load-velocity relation, and contractile protein enzyme activity. Thus, the stress of hypertension, which was tolerated by the 10-and 20-month-old animals with lesser relative hypertrophy and lesser changes in measured parameters, may represent a differential adaptation to the stress of hypertension. (Circ Res 58: 445-460, 1986) HYPERTENSION in the aged is widespread, and many elderly suffer from undiagnosed systolic hypertension which originates late in life. Alterations in myocardial performance are seen in both aging and prolonged hypertension, with the two states acting synergistically to affect cardiac function. However, it is controversial whether observed alterations in pump function are primary pathological events, or the result of diseases such as coronary artery disease. In addition, the study of the aged, hypertensive population introduces a significant amount of experimental variables. This complex problem can be elucidated by examination of each of these states separately, and then the combination, using appropriate animal models and experimental protocols.
We (Capasso et al., 1983) and others (Alpert et al., 1967; Shreiner et al., 1969; Heller and Whitehorn, 1972; Davies et al., 1975; Delcayre and Swynghedauw, 1975; Lakatta et al., 1975; Froehlich et al., 1978; Guarnieri et al., 1979; Wei et al., 1980; Weisfeldt, 1980) have examined myocardial performance as a function of age. There is an agerelated prolongation in papillary muscle isometric timing parameters with no age-related change in peak isometric tension. Isotonically, speed of muscle shortening decays as a function of age. Action potential duration is prolonged, and contractile protein enzyme activity is depressed, as a function of age. In addition, a decreased ability to respond to stress is seen during aging.
Concentric hypertrophy is a fundamental response of the myocardium that allows the heart to maintain normal pump function in the face of abnormal hemodynamics. During the stress of sustained arterial hypertension, this increase in myocardial mass is beneficial in allowing the heart to adapt to the increased load. Many studies have reported that myocardial performance is characteristically altered as a result of hypertrophy (Bing et al., 1971; Bishop, 1972; Cooper et al., 1973; Alpert et al., 1974; Averill et al., 1976; Ferrario et al., 1976; Sasayama et al., 1977; Ferrone et al., 1979; Capasso etal., 1981 Capasso etal., , 1982a Capasso etal., , 1982d .
We have previously examined the effects of a gradually applied pressure overload (i.e., renal hypertension) over a 30-week period in young rats (Capasso et al., 1981) . We found that myocardial hypertrophy results in alterations in biochemical, contractile, and electrical performance that parallel those seen during aging. In young animals, hypertension-induced myocardial hypertrophy is associated with maintenance of developed force, prolongation of isometric and isotonic timing parameters, and a depression in the load-velocity relation.
Although considerable work has been performed on the effect of these stresses (pressure overload and aging) on cardiac performance, no studies have examined the effects of the imposition of the stress of hypertension on animals of varying ages. Indeed, the hypertensive state may exacerbate the alterations in myocardial function seen during aging. These age-related changes may be due to a reduction in the ability of the aged myocardium to adapt to a given physiological stress.
Differences exist between experimental models of hypertrophy, relating to both the mode of induction and subsequent structural and contractile alterations. We have chosen to evaluate a more pertinent model of hypertrophy in which the myocardial stress is applied gradually, simulating conditions observed in human hypertension. The model is the two-kidney, one-clip, Goldblatt hypertensive rat. In addition, male Fischer rats (F 344/NIA), raised and maintained by the National Institutes on Aging, were used throughout as a model of mammalian aging. Utilizing these well-established animal models of myocardial hypertrophy and aging, the present investigation reports on the biochemical, contractile, and electrical properties of heart muscle from young and old animals after imposition of hypertension.
Methods

Study Design
Male Fischer rats (F 344/NIA) from the National Institutes on Aging were used throughout. The 50% mortality for this strain of rats as reported by the National Institutes on Agjng is presently 29 months of age. Animals were maintained in our animal facility for 1 week before constriction of the left renal artery. No differences in post clipping deaths were noted among the eight groups, and at least one animal and no more than two animals died in each group. All deaths were within the 2-to 3-week period following clipping. All animals were allowed access to Purina rat chow and water ad libitum.
Animals at 2, 7, 12, and 17 months of age were made hypertensive by placement of a silver clip with a 0.25-mm aperture around the left renal artery (Brooks et al., 1972; Capasso et al., 1981) . The contralateral kidney was left untouched. By means of the tail-cuff method (Williams et al., 1939) , systolic blood pressure was measured under light ether anesthesia before clipping, and at 2-week intervals thereafter. This method avoids the stress-related Circulation Research/Vol. 58, No. 4, April 1986 increase in blood pressure seen in unanesthetized restrained animals, and correlates well with direct measurements of arterial pressure in unanesthetized rats (Bunag et al., 1971) . Rats were considered hypertensive when systolic arterial pressure increased to 150 mm Hg occurring within 3-5 weeks of clipping, and remained at or above this level until the time of study.
The mechanical performance, transmembrane electrical characteristics and contractile protein enzyme activity of cardiac muscle from 5-, 10-, 15-, and 20-month-old hypertensive rats and age-matched controls were examined. The duration of hypertension in all groups of hypertensive animals was 10 weeks. Mechanical performance and electrical characteristics were recorded simultaneously from left ventricular papillary muscle. Biochemical data presented were obtained from hearts that were utilized for simultaneous mechanical and electrical recordings.
Mechanical and Electrical Recordings
Animals were anesthetized with ether. The hearts were rapidly excised and placed in oxygenated Tyrode's solution. A left ventricular papillary muscle was removed from a control and hypertensive animal and they were suspended horizontally side by side in a continuous perfusion muscle bath (Capasso et al., 1983) . Care was taken to select muscles of cylindrical uniformity with a cross-sectional area that was less than 1.2 mm 2 to ensure adequate oxygenation of central fibers (Whalen, 1967) . The muscles were continuously perfused with Tyrode's solution of the following composition (in ITIM): Na + , 151.3; Ca ++ , 2.4; K + , 4.0; Mg**, 0.5; Cl", 147.3; H 2 PO 4 ", 12.0; and dextrose, 5.5. This solution was maintained at 30°C and was gassed with 95% O 2 -5% COz, which yielded a pH of 7.2.
Preparations were stimulated at 0.1 Hz by rectangular depolarizing pulses 10 msec in duration and twice diastolic threshold in intensity. The nontendinous end of the papillary muscle was inserted into a collet which is mounted to the end of a micrometer assembly that is used to adjust external muscle length. The tendinous end of the papillary muscle was tied to a light steel wire with Ethicon 5-0 braided silk. The wire attaches to a 2-cm stainless steel lever that connects to a servo-controlled galvanometer. The position of the lever is measured by a variable capacitor positioned at the rear of the galvanometer's moving iron core. Force at the tip of the lever is determined by scaling and amplifying the error signal produced in the position servo section of the control circuitry during the contraction. Control circuitry permits operation in either afterload isotonic or isometric modes.
Velocities of shortening and relengthening are determined by electronic differentiation of the muscle length signal (lever position). The rate of tension change is determined by differentiation of the force signal.
The actively developed and passive length-tension relationships were obtained after an equilibrium period of 120 minutes, during which the muscle contracted isometrically with a resting tension of 9.8 mN/mm 2 . The lengthtension curve was generated by reducing muscle length in 0.1-mm steps from the length associated with maximum developed isometric force (L^) to approximately 80% of Ln^c while resting and developed force was recorded. The relation between load and velocity for a series of afterloaded contractions was established at L™, by progressively increasing the total load on the muscle from preload to the isometric level by varying the current passed through the servomotor.
Electrical data were obtained simultaneously during isometric contractions at U,,, from the same papillary muscles which were utilized for mechanical recordings. Transmembrane potential is measured as the voltage difference between the intracellular electrode and a sintered Ag/AgCl ground electrode immersed in the fluid perfusing the tissue that serves as a reference (Capasso et al., 1982a) . A 3 M KCl-filled electrode was connected via a 3 M KG Ag/AgCl bridge to a preamplifier. The microelectrode amplifier has input capacity neutralization to permit accurate measurement of the upstroke velocity of the transmembrane action potential. The upstroke of the transmembrane action potential is electronically differentiated to measure the maximum upstroke velocity (Vm,,)-This measurement is linear from 10 to 1000 V/sec.
The parameters of muscle force and its first derivative, muscle length and velocity, and transmembrane electrical events were displayed as a function of time on a multichannel storage oscilloscope. At the completion of each experiment, the muscle length and muscle diameter at Uŵ ere measured with a reticle in the eyepiece of a dissecting microscope set at a total magnification of 30x. The crosssectional area (XS) was calculated assuming the geometry of a cylinder with a specific gravity of 1.0, and was determined from papillary muscle diameter (MD) by the formula XS = 3.14159 X (MD/2) 2 . Force and the rate of force change were divided by the cross-sectional area to obtain tension and its rate of tension change. Velocity was normalized by division by muscle length at L™ x .
Contractile Proteins
Hearts were stored at -80°C in 50% glycerol containing 50 mM KC1 and 10 mM potassium phosphate (pH 7.0) before the extracts were prepared. Hearts of hypertensive animals were always extracted and analyzed simultaneously with hearts from controls; the same reagents and incubation conditions were used. In all cases, hearts that were examined for enzymatic activities and isoenzyme distribution were the same hearts from which papillary muscles were removed and utilized for simultaneous mechanical and electrical studies.
Myosin from individual hearts was purified as described previously (Malhotra et al., 1981) . Ventricles were minced, homogenized in 0.05 M KC1-0.01 M potassium phosphate (pH 7.0)-l mM dithiothreitol (DTT)-0.2 mM phenyl methyl sulfonyl fluoride (PMSF), and centrifuged. Pellets consisting of myofibrils were further treated with 0.05 M KG, 0.01 M potassium phosphate, 1 mM DTT, 0.2 mM PMSF, and 2 mM EGTA (pH 7.0), and then were washed with buffer containing 0.1% Triton X-100. Myosin was extracted and isolated from myofibrils with 10 volumes of buffer containing 0.47 M KG, 0.02 M Na^Cv, 0.01 M KH 2 PO 4 , 1 mM DTT, and 0.2 mM PMSF (pH 6.9) for 25 minutes. This was followed by fractionation with saturated (NH 4 ) 2 SO 4 (pH 7.0). The fraction precipitating between 35% and 45% (NH 4 ) 2 SO 4 was collected, dissolved, and dialized against 0.4 M KG, 20 mM imidazole, pH 7.0, 1 mM DTT, and 0.2 mM PMSF to remove (NH,) 2 SO 4 . Purified myosin was clarified by centrifugation at 100,000 g for 1 hour. Myosin obtained in this manner has been shown by sodium dodecyl sulfate (SDS) gradient gel (5-16.5%) electrophoresis to be free of actin, rroponin, and tropomyosin, and to be without evidence of proteolytic degradation of myosin (Malhotra et al., 1981) .
Adenosine triphosphatase (ATPase) activity measurements were performed in a final volume of 2.0 ml at pH 7.6 and 30°C. For Ca ++ -dependent ATPase of myosin, the reaction mixture consisted of 0.3 M KG, 0.05 M Tris (hydroxyethyl) aminoethane (Tris)-Cl (pH 7.6), 0.01 M CaClz, 0.005 M Na 2 -ATP, and 50-75 ^g of myosin. K + -EDTA ATPase activity of myosin was measured in 0.6 M KG, 0.001 M EDTA, 0.05 M Tris-Cl (pH 7.6), and 0.005 M Na 2 -ATP at 30°C.
Actin-activated Mg ++ -ATPase was measured in 50 mM KG, 20 mM imidazole (pH 7.0), 5 mM MgCIj, 2 mM Tris ATP, 0.1 mg/m] of myosin, and 0.46 mg/ml of actin at 25°C. Actin was extracted from rabbit skeletal muscle acetone powder and purified by the method described by Bailin and Barany (1972) and by Spudich and Watt (1971) . The reaction was initiated by the addition of substrate and terminated after 10 minutes by the addition of 1 ml of cold trichloroacetic acid. Inorganic phosphate (Pi) for Ca"^-and K + -EDTA ATPases was determined by the method of Fiske and Subbarow (1925) . Microphosphate estimation of Pi for actin-activated Mg^-ATPase was determined by the method of Zak et al. (1977) . Protein concentration was determined by the biuret technique using bovine serum albumin as a standard. Results are expressed as micromoles of P| liberated/min per mg protein at 30°C or 25°C.
Myosin preparations were checked for purity on polyacrylamide slab gels (5-16.5%) Tris glycine buffer containing 0.1% SDS. Pyrophosphate gels of different myosin preparations were analyzed for isoenzyme distribution by the method of Hoh et al. (1977) , as modified by d 'Albis et al. (1979) . Densitometric scans were recorded at 605 run on a Beckman ACTA MVI spectrophotometer. The relative semi-quantitative estimate of each isoenzyme (Vi, Vz, V 3 ) in percent was calculated from the area under each peak height by planimetry.
Statistical Analysis
Parameters used to characterize animal groups were: age, body weight, heart weight, heart weight-to-body weight ratio, systolic blood pressure, right kidney weight, left kidney weight, and serum constituents. Parameters used to characterize individual papillary muscles were muscle length, muscle diameter, and muscle cross-sectional area.
For isometric contractions, the following parameters were measured: resting tension, peak developed tension, time-to-peak tension, time-to-one-half-tension decay, peak rate of tension rise, time-to-peak rate of tension rise, peak rate of tension decay, and rime-to-peak rate of tension decay.
For isotonic contractions the following parameters were measured: peak shortening, time-to-peak shortening, velocity of shortening, time-to-peak velocity of shortening, velocity of relengthening, and time-to-peak velocity of relengthening.
The following action potential parameters were measured: total amplitude, overshoot, resting membrane potential, maximum upstroke velocity, and duration to 50% and 75% of complete repolarization.
Parameters dependent on muscle length and load were computed at intervals of 1% Lm, % and 5% relative load [(total isotonic load/total isometric load) X 100], respectively, by linear interpolation of experimental data.
Values obtained from all data are presented as means ± SE. For statistical comparisons, the control and hypertensive animals in the four age groups were evaluated by two-way analysis of variance to determine whether any Values are means ± SE. Number of animals in all groups = 10. C, control; HT, hypertensive; HW, heart weight (mg); BW, body weight (g); H:B, heart weight body weight ratio (mg:g); ML, muscle length (mm); MD, muscle diameter (mm); XS, muscle cross-sectional area (mm 2 ); RK, right kidney; LK, left kidney; BP, systolic blood pressure (mm Hg); NS, not significant (P > 0.05). statistically significant differences occurred among the groups, and, if such differences were present, the Newman-Keuls multiple comparison test was used to compare the individual groups. Correlation coefficients were determined by linear regression. Differences of P < 0.05 were considered significant (Snedecor, 1976) .
Results
Results of individual differences between control and hypertensive groups for each of the four ages studied are presented in Tables 1-7 , while differences among groups (standardized coefficients) for all dependent variables for age and hypertension are presented in Table 8 , which shows whether age or degree of hypertrophy exert the greater influence on a given measured parameter.
Age + Hypertensive Model
General features of control and hypertensive animals, and left ventricular papillary muscles from 5-, 10-, 15-, and 20-month-old male Fischer rats are seen in Table 1 . Body weight, heart weight, heart weight-to-body weight ratio, blood pressure, and bilateral kidney weight measurements are shown for 5-, 10-, 15-, and 20-month-old control and hypertensive rats after 10 weeks of hypertension. Also shown are average muscle length, muscle diameter, and calculated cross-sectional area for controls and hypertensives throughout the study. Analysis of the thickest 20% and the thinnest 20% of the papillary muscles revealed no significant relationship either independent of or within groups. No significant body weight differences were observed between controls and hypertensives of similar age, throughout the study. Because the left kidney was uniformly involved in the surgical renal artery stenosis, its weight showed a significant decrease in all hypertensive groups, whereas the contralateral kidney increased in weight above the control level. Table 1 also shows the blood pressure response of the entire group of animals during the study. In dipped rats, blood pressure rose to levels >150 mm Hg within 2-3 weeks after clipping. Blood pressure continued to rise for the next 3-5 weeks and maintained a range of approximately 179-188 mm Hg for all hypertensive groups. There was a slight trend toward an increased blood pressure in control rats from 5 to 20 months of age. The effect of hypertension on heart weight is shown in Table 1 . Heart weight in control animals from 5 to 20 months old increased significantly from 539 ± 26 to 1088 ± 56 mg, representing an increase of approximately 101%. In hypertensive animals, the greatest response to the stress of hypertension was seen in the 5-month group, and the smallest response was in the 20-month-old animals, representing an approximate increase of 50% and 11%, respectively. Although heart weight-to-body weight ratios were significantly greater in all hypertensive groups, the greatest difference in this value was observed in the 5-month-old group, and the smallest difference, in the 20-month-old group. Average muscle length showed no difference between hypertensive groups, but a slight increase in the average was seen as a function of age in both hypertensive and control groups. Muscle diameter and resultant cross-sectional area were significantly increased in hypertensives at every age group, and followed the trends seen in heart weight.
Blood Values
Serum constituents from control and hypertensive animals as a function of age are seen in Table 2 . No specific differences were found in Na + , K + , Cl~, COĈ a ++ , and Mg ++ between control and hypertensive groups at a specific age or as a function of aging. However, differences between all control and hypertensive groups were noted in blood urea nitro- Values are means ± SB. Number of animals in all groups = 10. C, control; HT, hypertensive; BUN, blood urea nitrogen; Na, sodium; K, potassium; Cl, chloride; Glu, glucose; COj, carbon dioxide, Cre, creatinine; Ca, calcium, Mg, magnesium; NS, not significant (P > 0.05).
gen, glucose, and creatinine, with hypertensive animals significantly greater in these three constituents. These differences may reflect the result of the ischemic kidney, and not kidney failure, since these are rather small differences.
Isometric Performance
Data from isometric contractions, obtained from papillary muscle preparations at L^x from 5-, 10-, 15-, and 20-month-old control and hypertensive animals, are shown in Table 3 . The time course of an average isometric contraction for papillary muscles from all groups is seen in Figure 1 , which also shows the various parameters of isometric tension development, its first derivative (rate of tension rise and decay), and the methods employed in measuring these types of contractions. Although developed tension levels in the various control and hypertensive groups were not significantly different, resting tension was considerably higher in muscles from 15-and 20-month-old groups. In fact, as seen in Table  3 , resting tension in preparations from 15-or 20-month-old animals, although not significantly different from each other, whether as a function of age or hypertension, was considerably higher than either 5-or 10-month-old animals.
Passive and active length-tension relationships between hypertensive and control groups for the various ages studied are shown in Figure 2 . No differences in resting length-tension relationships were observed between control and hypertensive groups at all ages studied. However, resting tension values from 15-and 20-month-old animals were significantly greater than resting tension values of 5-and 10-month-old animals.
Analysis of developed tension showed a trend Values are means ± SE. Number of animals in all groups = 10. C, control; HT, hypertensive; RT, resting tension (mN/mm 2 ); DT, developed tension (mN/mm 2 ); TPT, time to peak tension (ms); T1/2T, time-to-one-half-tension decay (msec); +T', peak rate of tension rise (mN/sec per mm 2 ); TPP, rime-to-peak rate of tension rise (ms); -T, peak rate of tension decay (mN/sec per mm 2 ); TPN, time-topeak rate of tension decay (msec); NS, not significant (P > 0.05). All values obtained at L^. toward a higher developed tension in all hypertensive groups, but no significant differences between control and hypertensive groups were observed. These data show that the muscles from all groups retained force development ability.
Isometric timing parameters for papillary muscle preparations as a function of age and hypertension are seen in Table 3 . Time-to-peak tension and timeto-one-half-tension decay revealed both an agerelated and hypertension-related prolongation. Conversely, an age-related and hypertension-related reduction was observed in both peak rate of tension rise and peak rate of tension decay.
Isotonic Performance
Data obtained from afterloaded isotonic contractions at an initial muscle length of Lma, and at a bath [Ca ++ ] of 2.4 mM are shown in Table 4 . The time course of an average representative isotonic contraction from control and hypertensive animals from all age groups is shown in Figure 3 , which also shows the various parameters of isotonic shortening, velocity of shortening and relengthening, and the methods employed in measuring these types of contractions. A significant decrease in total shortening was observed as a function of age, which was further exacerbated by the addition of hypertension. Timeto-peak shortening was significantly prolonged as a function of age and hypertension. Velocity of shortening and relengthening at a relative load of 40% was significantly depressed as a function of age and hypertension.
Load-velocity relations expressed as a function of relative load for all groups are shown in Figure 4 . Load-velocity curves reveal an age-related depression in the velocity of shortening at all relative loads and a further depression in the load-velocity relation as a function of hypertension at all ages studied. This depression was greatest in the 5-month-old group and smallest in the 20-month-old group.
Isotonic parameters for all groups are shown in Table 4 . There was an age-related prolongation in the time-to-peak shortening and a reduction in velocity of shortening and relengthening that was exacerbated by imposition of hypertension. General characteristics of action potentials from all groups are shown in Table 5 . There was no significant age-related or hypertension-related difference with respect to the resting membrane potential, overshoot, action potential amplitude, and maximum upstroke velocity. In contrast, action potential Values are means ± SE. Number of animals in all groups = 10. C, control; HT, hypertensive; PS, peak shortening (mm); TPS, time-to-peak shortening (msec); Vs, velocity of isotonic shortening (muscle lengths/sec); TVs, time-to-peak velocity of isotonic shortening (msec), Vr, velocity of isotonic relengthening (muscle lengths/sec); TVr, time-to-peak velocity of isotonic relengthening (msec); NS, not significant (P > 0.05) All values obtained at initial muscle length = L™, and at a relative load [(total isotonic load/total isometric load) x 100] of 40%. duration increased significantly as a function of age at both 50% and 75% repolarization. This increase in APD 50 and APD 75 was augmented by the addition of hypertension.
LENGTH-TENSION 5-MONTHS
6OTONIC CONTRACTION 5-MONTHS
Representative tracings of action potentials are shown in Figure 5 . The time course of the action potentials seen in Figure 5 are quite representative of their group, in that they most closely approximate the statistical mean of the parameters for action potentials shown in Table 5 . Differences in action potential duration between control and hypertensive groups are greatest at 5 months and least at 20 months.
As in previous studies (Capasso et al., 1982a) , in this study, action potential duration at both 50% and 75% total repolarization correlated well with both mechanical (i.e., directly with time-to-peak tension) and biochemical parameters (i.e., inversely with %V, and ATPase activity). Table 6 shows the Ca ++ -ATPase activity, K + -EDTA ATPase activity, and Mg ++ -myosin ATPase activity in the presence and absence of actin. Ca ++ -myosin ATPase activities were similar in hearts of 10-month-old control and hypertensive animals. In contrast, there were significant decreases in cardiac Ca ++ -myosin ATPase activities at 5 months (43%), 15 months (51%), and 20 months (13%) in the hearts of hypertensive animals. K + -EDTA and Mg ++ -myosin ATPase activities were similar in all groups. Actin activated Mg ++ -myosin ATPase activities were minimally but significantly depressed at 10 months (11%) and 20 months (13%) in the hearts of hypertensive animals. However, there were greater depressions in actin activated ATPase activities at 5 months (33%) and 15 months (56%) in cardiac myosin in hypertensive rats.
Contractile Protein Biochemistry
SDS-gel electrophoresis on gradient polyacrylamide (5-16.5%) slab gels in the Tris glycine buffer system (pH 8.8) did not show any subunit differences in the myosin preparations in the different age groups. Figure 6 shows representative pyrophosphate gel patterns and densiometric scans of cardiac myosin isoenzymes in rats in four different age groups (5, 10, 15, and 20 months old), whereas Figure 7 depicts the C ++ -myosin ATPase activities. Table 7 presents the percent content of different myosin isoenzymes as determined by planimetry. In controls at 5, 10, and 15 months of age, Vj predominated and isoenzyme distribution was Vj > V 2 > V 3 . At 5 and 15 months, there was a shift from Vi to V 3 in the hearts of hypertensive animals. However, in 10-and 20-month-old controls and hyper- Values are means ± SE. Number of animals in all groups = 10. C, control, HT, hypertensive; AP, amplitude of depolarization phase of the transmembrane action potential (mV); RMP, resting membrane potential (mV); OS, overshoot of transmembrane action potential (mV), V m^/ velocity of the upstroke of the transmembrane action potential (volts/sec); APD M , duration of transmembrane action potential at 50% repolarization (msec); APD75, duration of transmembrane action potential at 75% repolarization (msec), NS, not significant (P > 0.05 tensives, there were no differences in the percent of Vi, between the same age groups. The percent of Vi also decreased progressively among controls from 5 to 20 months of age.
Thus, diminished myosin enzymatic activity in hearts from hypertensive rats was associated with a decrease in the Vi isoenzymic content, except at 10 months of age. The magnitude of these abnormalities increased with hypertension at 15 months. An excellent correlation was found between Vi% and both isometric and isotonic timing parameters (Fig.  8) . Values are means ± SE for number of different myosin preparations shown in parentheses. C, control; HT, hypertensive; Ca ++ = calcium-myosin ATPase in iimo\ Pi/mg per min; K + = potassium EDTA myosin ATPase in ^mol Pi/mg per min; AA = actin activated Mg^-myosin ATPase expressed as ^mol Pi/mg per min. NS, not significant (P > 0 05). Panel a, 5 months; panel b, 10 months; panel c, 15 months; and panel d, 20 months.
Discussion
Certain important mechanical features of the aged heart are normal developed tension, increased timeto-peak tension, and decreased velocity of shortening. Associated with these mechanical alterations are a decrease in ATPase activity and a prolongation of action potential duration (Alpert et al., 1967; Heller and Whitehorn, 1972; Weisfeldt, 1980; Wei et al., 1980; Capasso et al., 1983) .
Studies on the effect of renal hypertension on the myocardium of young rats have revealed the maintenance of force development ability which is correlated with prolongation of mechanical timing parameters and depression of the load-velocity relation. Prolongation of the action potential is also a well-recognized feature of hypertensive hypertrophy (Ferrone et al., 1979; Gulch, 1980; Capasso et al., 1981; Capasso et al., 1982a Capasso et al., , 1982d Gulch and Mohrmann, 1983) . Values are means ± SE for number of different myosin preparation shown in parenthesis C, control; HT, hypertensive; %V,, %V 2 , %V 3 •= myosin isoenzyme, % content; NS, not significant (P > 0.05).
As the heart of Fischer rats grows as a function of age, from a weight of 539 mg to 1088 mg, the cells are hypertrophying. The response of the cells to the imposition of hypertension appears to be independent of the degree of systolic blood pressure, since the percent change in blood pressure among the different hypertensive age groups is similar. If one looks at heart weight, for 5-month-old animals there is a 50% increase, for 10-month-old animals, a 15% increase, for 15-month-old animals, a 50% increase, and for 20-month-old animals, a 12% increase with hypertension. However, the mechanical, electrical, and contractile protein data vary monotonically with the degree of myocardial hypertrophy. For instance, there is a 30% decrease in velocity of shortening (Table 4) at 5 months, 10% at 10 months, 34% at 15 months, and 15% at 20 months. This correlates well with isoenzyme and myosin ATPase changes.
The major thrust of the biochemical component of the present findings relate to studies of cardiac contractile proteins. We have previously demonstrated an age-related decline in cardiac contractile protein activity in the same hearts from which papillary muscles revealed mechanical and electrophysiological alterations (Capasso et al., 1983) . Similar findings on contractile protein enzymology have been reported by others (Alpert et al., 1967; Chesky and Rockstein, 1977) . Although some authors report that the differences seem to become less pronounced with advanced age (Chesky and Rockstein, 1977; Wei et al., 1985) . Litten et al. (1985) have shown a linear correlation between the contractile protein ATPase activity and percent Vj of total isoenzyme in tissues from normal growing rabbit hearts (2-20 weeks old). The present studies suggest a relationship for myosin ATPase activity and myosin isoenzyme distribution as a function of renal hypertension in animals of different ages. Depressed calcium ATPase of myosin and actin-activated myosin ATPase appear to be concordant with the results observed for papillary muscle mechanics.
In previous studies, the measured force development and rate of shortening of papillary muscles have been used to describe the contractile properties of the corresponding free ventricular walls. It is well known that there are no differences in the subunit structure (i.e., the heavy chain and light chains of myosin) between the papillary muscle and the free ventricular wall. In recent years, it has been postulated that the speed of shortening is regulated through changes in relative proportions of cardiac isoenzymes (Hoh et al., 1977) . To determine whether the relative contents of myosin isoenzymes and their structure may or may not be identical in the ventricular walls and papillary muscles within the same heart, Pagani and Julian (1984) indicated that the speed of papillary muscle shortening is correlated with the relative amount of Vi myosin present in each papillary muscle. They have shown that myosin isoenzymes from papillary muscles and the ventricular free wall comigrate under native conditions on pyrophosphate gels, suggesting a similarity in the molecular charges. Their study confirms the results previously reported by Schwartz et al. (1981) that the unloaded speed of papillary muscle shortening is correlated with the amount of Vi myosin present. The additional evidence presented by Pagani and Julian (1984) was that the speed of cardiac muscle shortening was also related to amount of Vi myosin present at all different loads. It will be reasonable to conclude that the biochemical alterations (i.e., myosin ATPase changes and shifts in isoenzyme distribution) and the findings of papillary muscle mechanics may help to explain the contractile modifications during aging. Shown are the results of a two-way analysis of variance for the dependent variables in Tables 1 through 7 (in order) when examined as a function of the independent variables Group (positive values reflect a numerical increase; 0 = control; 1 = hypertensive) and Age (5, 10, 15, and 20 months of age) * Statistically significant at P < 0.05. Although age-related depression in contractile protein enzyme activity and sarcoplasmic reticulum function may help to explain concomitant alterations in the velocities of shortening and relengthening, the prolongation of the transmembrane action potential may represent an adaptive mechanism which functions to maintain contractile force. Prolongation of the action potential may be secondary to agerelated and hypertensive-related alterations in sarcoplasmic reticulum function.
One assumption made in the present study is that the localized damage produced by clamping the muscle end(s) (Krueger and Pollack, 1975; Donald et al., 1980) is similar in all groups studied. Direct studies of sarcomere dynamics would solve this potential complexity in the present study. However, the muscles derived from the left ventricle are generally too large to be studied in this manner. We analyzed (Capasso et al., 1982a) internal shortening by measuring the separation between two fine pins inserted into the undamaged midregion of the muscle. These studies have shown that no noticeable age-related or hypertensive-related differences exist in damage due to clamping the ends of the muscle.
The observed biochemical and electrophysiological alterations may help to explain the contractile modifications during aging, and the combination of aging and hypertension. The magnitude of the bio-chemical, mechanical, and electrophysiological response to hypertension varies monotonically with the extent of myocardial hypertrophy, rather than age per se. Since the death rate in all groups was not significantly different, it may be that the stress of hypertension, which was tolerated by the 10-and 20-month-old animals with lesser relative hypertrophy and lesser changes in measured parameters, represents a more successful adaptation to the stress of hypertension. Further investigation will be required to determine how this differential adaptation takes place.
